Ongoing responses to climate change in arctic-alpine ecosystems, including the increasing dominance of deciduous shrubs, involve major shifts in plant functional group composition. Because rates of photosynthesis and respiration and their responses to temperature may vary among plant functional groups, a better understanding of their contributions to carbon fluxes will help improve predictions of how ecosystem changes will affect carbon source-sink relations in globally important tundra regions. We used a sequential harvest method to estimate growing season functional group contributions to net ecosystem exchange (NEE), ecosystem respiration (ER), and gross photosynthesis (GP) in alpine heath-, meadow-, and Salix-dominated shrub communities. We also partitioned ER into aboveground and belowground components in all three communities. Belowground efflux was the dominant component of ER in the heath and meadow communities (63 percent and 88 percent of ER, respectively) but contributed only approximately 40 percent of ER in the shrub community. The dominant functional group in each community contributed most to aboveground exchanges. Estimates for cryptogams were uncertain, but indicated a minor role for bryophytes and lichens in overall exchange. The results of our novel method of partitioning gas-exchange measurements suggest strong differences in the relative proportions of soil versus aboveground respiration and in the contributions of different functional groups in the net carbon exchange of three important arctic-alpine community types, with implications for changes in carbon dynamics as these systems respond to environmental change.
Introduction
Climate change is expected to result in changes in functional group composition in terrestrial ecosystems (Condit, Hubbell, and Foster 1996; Diaz and Cabido 1997) . In arctic regions, where warming has been greatest, shrub cover is expanding at the expense of other functional groups (Myers-Smith et al. 2011) . These changes may be accompanied by changes in ecosystem processes, including nutrient cycling and carbon (C) fluxes and storage (Sørensen et al. 2018b) , as well as effects on energy balance via boundary layer, sensible heat exchange, albedo, and snow cover, which may then feed back on global temperature and precipitation patterns (Dormann and Woodin 2002; Cornelissen et al. 2007; De Deyn, Cornelissen, and Bardgett 2008; Chapin et al. 2009; Wookey et al. 2009 ).
Arctic and alpine ecosystems cover about eleven million square kilometers, or 2 percent, of the Earth's land surface, with about five million square kilometers in arctic tundra, three million square kilometers in alpine tundra, and the remainder in intermediate northern highlands (Virtanen et al. 2016) . They are critical reservoirs in the global C cycle, with as much as 50 percent of the global belowground C pool stored in organic soils and deeper organic deposits in permafrost regions alone (Tarnocai et al. 2009 ).
On a global scale, gross and net photosynthesis in arcticalpine ecosystems is generally low primarily because of low temperatures (Christensen et al. 2000; Grogan and Chapin 2000; Biasi et al. 2008; Beer et al. 2010; Parker, Subke, and Wookey 2015; Sørensen et al. 2018b ). Low temperature, often combined with water-saturated surface conditions that are the result of topography or permafrost, also strongly limits decomposition and ecosystem respiration, resulting in a net influx and long-term net C accumulation in organic soils. Shifts in the balance between C uptake and respiration in these systems could result in a strong positive feedback on global warming, and there is evidence that this is already happening (Oechel et al. 2000; Wilmking, Harden, and Tape 2006; Hartley et al. 2012; Parker, Subke, and Wookey 2015) A more detailed understanding of how respiration is divided among these sources in different communities and among functional groups will help us understand and predict the effects of vegetation changes on C balance in arctic-alpine ecosystems.
Plants in arctic and northern alpine ecosystems are often grouped into plant functional groups based on growth form and functional traits (Chapin et al. 1996; Dormann and Woodin 2002) . Species in these groups are assembled into an array of community types, occurring on sites with different microclimate and soil conditions. The dynamics of C exchange, sequestration, and mineralization vary among the functional groups and communities composed of them, with relatively high productivity and C turnover in predominantly herbaceous communities as compared to the slower-growing and slower-decomposing evergreen shrubs and bryophytes (Cornelissen et al. 2007; Lang et al. 2009; Ward et al. 2009; Parker, Subke, and Wookey 2015) . Shifts in functional group composition, such as the recent and ongoing increases in the dominance of deciduous shrubs in arctic-alpine regions (Tape, Sturm, and Racine 2006; Cannone, Sgorbati, and Guglielmin 2007; Tommervik et al. 2009; Myers-Smith et al. 2011; Epstein et al. 2012; McManus et al. 2012) , may be an important factor in changes in C balance (De Deyn, Cornelissen, and Bardgett 2008; Wookey et al. 2009 ).
Numerous studies in arctic-alpine ecosystems have explored the dynamics of C exchange at leaf level (e.g., Johnson and Tieszen 1976; Oberbauer and Oechel 1989; Muraoka et al. 2008) or in whole communities (e.g., Grogan and Chapin 2000; Biasi et al. 2008; Parker, Subke, and Wookey 2015; Virkkala et al. 2018; Sørensen et al. 2018b ), but relatively little is known about the middle ground: the relative contributions of the different functional groups to total ecosystem fluxes. Scaling up from leaf-level measurements can introduce large errors, while whole-system exchange measurements do not yield information on functional group contributions. This gap can be filled by the direct measurement of canopy fluxes following the experimental manipulation of community composition. For example, Ward et al. (2009) experimentally removed each of the three dominant functional groups in a temperate, ombrotrophic peatland throughout two years and found that the removal of dwarf shrubs resulted in dramatic increases in CO 2 fluxes and turnover. Douma et al. (2007) measured gas exchange both before and after the removal of vascular plants in several arctic community types in plots selected for high bryophyte ground cover and found that bryophytes accounted for a mean of 60 percent of net ecosystem exchange (NEE). To our knowledge, these are the only previous studies that have used this approach.
Some studies indicate that variation in respiration rather than primary productivity more strongly affects net C balance in arctic and boreal ecosystems (Jung et al. 2011) . Ecosystem respiration is the sum of respiration by leaves, stems, and other aboveground plant parts and belowground activity of plant roots and soil microorganisms. Partitioning of gas exchange by functional group and aboveground and belowground contributions can be used to inform large-scale C dynamic models and help resolve questions about, for example, the net effect of well-documented increases in deciduous shrub dominance (Tape, Sturm, and Racine 2006; Cannone, Sgorbati, and Guglielmin 2007; Tommervik et al. 2009; Myers-Smith et al. 2011; Epstein et al. 2012; McManus et al. 2012) .
To provide baseline data on the contributions of deciduous shrubs and other functional groups on C balance in arctic-alpine ecosystems, we used a sequential harvest method to estimate the aboveground contributions of plant functional groups and belowground respiration to ecosystem respiration (ER), NEE, and gross photosynthesis (GP) in heath, meadow, and Salix shrub communities in the Dovre Mountains of central Norway. We focused on the following questions: (1) What are the relative contributions of belowground and aboveground biotic processes to ecosystem respiration in arctic-alpine plant communities? and (2) What are the relative contributions of the major functional groups, including cryptogams, to ER, NEE, and GP in these communities? In addition, we discuss how changes in functional group composition may affect C source-sink activity as arctic-alpine ecosystems respond to environmental change with an increased abundance of deciduous shrubs.
Materials and methods

Study site
Measurements were made in conjunction with a long-term experiment on the effects of grazing and shrub expansion on alpine community composition and C balance (Sørensen et al. 2018a (Sørensen et al. , 2018b . The Dovre Mountains in Norway are a high plateau with moderate, rolling relief. We selected study sites on south-facing slopes with representative examples of heath-, herbaceous-, and Salix-dominated communities, designated heath, meadow, and shrub ( Figure S1 ). For further details about the study site and community composition, as well as C pools in the soil and vegetation, see Sørensen et al. (2018a Sørensen et al. ( , 2018b . We analyzed six plots within each community. Before harvest, functional group cover and plant height were measured using the point intercept method (Jonasson 1988) during the second and third weeks of July 2015.
Gas-exchange measurements were conducted on nine working days during the height of the growing season between July 17 and August 13, 2015. For logistic reasons all the plots in each of the three communities were measured during a period of two to four days. While none of the measurements were made in rain or wet conditions, there was variation in cloud cover and temperature, resulting in variation in environmental conditions at community, plot, and functional group levels (Table 1) .
Gas-exchange measurements and harvest
For sequential harvest measurements in the shrub community, we used a collapsible 0.5 × 0.5 × 0.6 m gas flux chamber (Sørensen et al. 2018b ). In the heath and the meadow we used a 0.25 × 0.25 × 0.30 m closed-system Plexiglas chamber with a rubber skirt attached to the base. The chamber skirts were held down and sealed by a length of chain during each measurement. A sampling tube and a return tube entered the center of the chamber roof and sampled 0.2 m above the soil surface. A fan mixed the air inside the chamber 30 s prior to and during each measurement. Air temperature was measured with a PT100 sensor inside the chamber at a height of 0.2 m above the soil surface, and by a second sensor outside the chamber. Soil temperature was measured at a depth of 8 cm (digital dial thermometer, Traceable® Ultra™, VWR International). During all flux measurements, photosynthetically active radiation (PAR) was measured with a LI-190S quantum sensor (LI-COR Inc., Lincoln, Nebraska, USA) placed within a distance of 1 m from the plexiglass chamber. In the collapsible gas flux chamber, the light sensor was placed 0.2 m from the chamber leg and 0.45 m above the soil surface. After measurement under available light conditions (NEE), the chamber was lifted for at least 30 s to allow ambient air in, and was then darkened with an opaque hood for the measurement of dark respiration (ER). In both the light and the dark, CO 2 concentration was recorded every second for 120 s, including a 30-60 s acclimation period. Carbon dioxide fluxes were calculated by linear regression (Jasoni, Smith, and Arnone 2005) , based on the last 60-90 s (best linear fit according to R 2 ) of the measurement period, and are expressed on a plot surface area basis in μmol m −2 s −1 . After the initial C flux measurements, the first vegetation compartment was harvested by cutting plants at the base without taking up roots and soil. This was followed by another pair of C flux measurements, and this procedure continued until all the vegetation compartments were harvested ( Figure S2 ). The vegetation functional groups were harvested in the following order: (1) dwarf shrubs (evergreen shrubs and the deciduous shrubs Vaccinium uliginosum, V. myrtilis, Salix herbacea, and S. reticulatum), (2) herbs (graminoids, forbs, and seedless vascular plants), (3) cryptogams (bryophytes and lichens), (4) deciduous erect shrubs (Betula nana, Salix lapponum, S. glauca), and (5) litter (identifiable dead leaves, stems, and thalli). Bryophytes and lichens were cut at the soil surface and any litter lying on top of the cryptogam layer was removed at the same time and saved as litter. In our plots, the soil surface was identified as a transition from loose cryptogam thalli or plant litter to a compact surface bound together by living plant roots; there was not a gradual transition, as found in Sphagnum-covered or similar soils. Finally, a measurement was conducted on the bare soil, including organic horizons, in both the light and the dark, to obtain respiration rate from the soil. The sequential harvest was typically completed in 4-6 h on a single day, but was interrupted by 1-2 d in five plots because of adverse weather conditions.
Carbon-flux measurements were also made on four other plots of the same block, and light curve measurements were done on the control plot for each block during the growing season. One light curve measurement consisted of one measurement in full light, measurements at three increasing levels of shading, and one measurement in full darkness (Williams et al. 2006; Street et al. 2007 ). The shading was done with three layers of black tulle.
To correct minor errors in identifying and sorting plant material during harvest, it was resorted in the lab before drying and weighing for biomass determination, and bryophytes were separated into mosses and lichens and herbaceous plants into forbs and graminoids. The biomass was oven dried at 70°C for 72 h before weighing to an accuracy of 0.001 g. After drying, deciduous shrubs were sorted into stems and leaves.
Data analysis
Net respiration is expressed as a negative value and net photosynthesis is positive. In principle, removal of a vegetation compartment should result in reduced respiration as measured in the dark, and reduced net photosynthesis in the light, because vegetation contributes to both processes. Subtracting the ER and NEE measurements after removal of a compartment from those made before removal gives a raw estimate of the contribution of the removed compartment to the total measured at the outset. However, this was not always the case, so we made adjustments to the raw data, as described further on, to compensate for some of these anomalous results as well as for variations in light and temperature during measurement. We modified the data and calculated estimates of gas exchange for the functional group layers in the following steps:
(1) Inspection of the raw data for each plot showed unexpected increases in respiration after removal of cryptogams or herbaceous plants in two heath, two meadow, and four shrub plots ( Figure S3 ). Because of the sequential harvest subtraction algorithm, these measurements affect gasexchange estimates for both the removed and the subsequent layer. To provide better estimates for the latter, we replaced these anomalous values with the mean of the measurements on either side. This method was also applied to a single case where removal of the evergreen layer in a shrub plot was followed by a large increase in NEE. In two plots in the meadow, ER was greater after removal of all biomass than in the intact vegetation ( Figure S3 ). Other than the temperature correction described further on, we did not attempt to correct for this anomaly. (2) There was little difference in ER or NEE before and after removal of the litter layer or in light and dark ( Figure S3 ). We used the mean of these four measurements as a robust estimate of belowground respiration and the mean soil temperatures for these four measurements as the reference temperature for this initial estimate of belowground respiration. (3) In cases where the amount of biomass removed in a layer was less than 5 g m −2 we used the mean of the values before and after removal to provide a more robust estimate of gas exchange before removal of the next layer. We then set all gas-exchange estimates for the low biomass layer to 0, but included these null estimates in the calculation of community means. (4) Because temperature has a direct effect on respiration and varied between about 5°C and 10°C in the soil and 10°C and 25°C in the canopy during measurement of different blocks (Table  1) , we used an assumed Q 10 of 2 (Tjoelker et al 2001) to adjust belowground respiration estimates to a common temperature of 10°C and plant canopy respiration measurements to 20°C, the approximate average soil and aboveground temperatures across all three communities in 2015, respectively. The mean value calculated in step 2 gives a straightforward estimate of soil respiration. Temperature-corrected estimates of belowground respiration at the soil temperature during measurement of each layer (R Tbelow ) and at the common soil temperature (R 10below ) were calculated using the Q 10 formula:
where R adj is R Tbelow or R 10below , R below is the measured ER for bare soil, and T soil is the respective soil temperature. (5) R Tbelow for each harvest step was subtracted from the corresponding ER measurement to give an estimate of respiration due to plants only (R above ) . For each layer, R above after removal was subtracted from that before removal to give an estimate of aboveground respiration attributed to each functional group. Using the air temperature in the chamber and the Q 10 equation, these estimates were then adjusted to 20°C, designated R dec , R eve , R her , and R cry for deciduous shrubs, evergreen and dwarf shrubs, graminoids and other herbaceous plants, and cryptogams, respectively. (6) As described earlier, a raw estimate of NEE for each layer was obtained by subtracting the NEE after layer removal from that of before layer removal. Layer NEE -Layer R gives an initial estimate of layer GP. Photosynthetically active radiation during NEE measurements varied between about 200 μmol and 1,700 μmol m −2 s −1 (Table 1) . To correct GP for these variations, a single light response curve was fitted to data for eight control plots in each community using nls functions in R:
Where GP = NEE -R, I = incident PAR (μmol m −2 s −1 ), P max = rate of light saturated photosynthesis, and k = half saturated constant of photosynthesis. The expected community GP at 600 μmol m −2 s −1 and at the measurement PAR for each layer were calculated, and the ratio of these was used as a correction factor. Gross photosynthesis estimates were corrected for temperature using a Q 10 of 2 and then multiplied by the correction factor to give an estimate of layer GP at 20°C and 600 μmol m −2 s −1 PAR.
(7) The temperature and light-corrected estimates of ER and GP were summed to give a revised estimate of NEE for each layer.
All gas-exchange estimates that were obtained after data modification and temperature adjustment are designated "adjusted," while those obtained from the original data are designated "raw." Although the adjustments were minor, we present summaries of both to show that the data are robust to these alterations.
The productivity per biomass for each functional group in each community was calculated as GP/biomass, using leaf biomass only for deciduous shrubs and total biomass for the other functional groups.
We tested for differences among communities in raw and adjusted ER, NEE, and GP using one-way ANOVA and Tukey's HSD. All data processing and analysis was carried out in R (R Core Team 2017).
Results
Overall ecosystem fluxes
As in our previous study (Sørensen et al. 2018b) , preharvest rates of NEE and initial estimates of GP differed significantly among communities (Table 2 ; NEE: F 2,15 = 4.77; GP: F 2,15 = 3.8, p < 0.05, ANOVA). Net ecosystem exchange in the shrub community was significantly higher (p < 0.05) than in the heath community, and marginally higher (p = 0.06, TukeyHSD) than in the meadow community. However, pairwise comparisons were not significantly different for initial estimates of GP, because values were only marginally higher in the shrub community than in the other two communities (p < 0.10, TukeyHSD) (Figure 1 ). Raw ER did not differ significantly among communities (F 2,15 = 1.85, p = 0.19, ANOVA). Because of increased variability in NEE and GP after adjustment (Figure 1 ), there were no significant differences among communities in adjusted ER, NEE, and GP. The adjusted data suggest that gross photosynthesis and net exchange in the meadow may be intermediate-lower than in the shrub community and higher than in the heath community.
Based on the pre-harvest measurements of NEE and ER, the mean proportion of GP consumed by ER was approximately 73 percent in the heath, 66 percent in the meadow, and 55 percent in the shrub community. In the adjusted estimates for common temperature and light conditions, these become 78 percent, 46 percent, and 49 percent, respectively ( Table 2 ). The differences between these estimates are largely a result of adjustments for excess respiration after removal of herb or cryptogam layers in several plots ( Figure S3 ). The effects of adjustments for temperature and light are relatively minor.
Based on the adjusted estimates, aboveground respiration contributed approximately 37 percent, 13 percent, and 60 percent of total ER in the heath, meadow, and shrub communities, respectively, with the remainder as belowground respiration (Table 2 ). In the heath and meadow communities, most of the aboveground respiration was attributed to the respective dominant functional group, while in the shrub community aboveground respiration was more evenly divided among all four functional groups. In the heath and meadow, belowground respiration consumed approximately 49 percent and 41 percent of GP, respectively, while in the shrub community this was approximately 20 percent. Aboveground respiration consumed approximately 29 percent of GP in the heath and shrub communities and approximately 6 percent of GP in the meadow.
Functional group contributions
Plant contributions to ER, NEE, and GP were dominated by the respective dominant functional group in each ecosystem (Figure 2 ). Non-dominant vascular plant functional groups contributed proportionally more to gas exchange in the shrub community than in the heath and meadow (approximately 30 percent versus 10 percent and 14 percent of plant NEE, respectively). The adjustments to the data did not affect this general picture ( Figure S4) , with the exception of a reduction in NEE and GP in deciduous shrubs in Table 2 . Partitioning of growing season daytime ecosystem respiration (ER) and gross photosynthesis (GP) into aboveground and belowground respiration (R) and net ecosystem exchange (NEE) in three arctic-alpine communities, expressed as mean CO 2 flux (μmol m −2 s −1 ) and as mean proportion of ER (%ER) or GP (%GP), based on adjusted estimates (n = 6). the shrub community, which was a result of the correction for the strong increase in efflux after the removal of cryptogams in four of the six shrub plots ( Figure S3 ). Because our data adjustments involved changing the flux estimates after the removal of cryptogams in several plots, we do not think the adjusted estimates for cryptogams in Figure 2 are reliable. However, the raw NEE results indicate a minimal contribution of cryptogams to overall gas exchange, even though they comprise a large proportion of total biomass in the meadow and shrub communities. Mean cryptogam NEE was negative (net efflux) in the raw data for the meadow and shrub communities ( Figure S4) .
Most of the deciduous shrub (willow) biomass and a substantial proportion of dwarf shrub biomass were in woody parts (Figure 2d ). Using the GP estimates and biomass data, we calculated productivity as μmol CO 2 fixed per dry weight of leaf tissue for all functional groups present in the three communities. Estimates based on only a few grams of leaf tissue were highly variable, presumably because of error propagation based on the very small amounts of tissue. The estimates (in μmol kgDW −1 ± SD) for the dominant functional group in each community are as follows: 13.6 ± 5.2 for dwarf shrub leaves in the heath; 83.6 ± 28.8 for herbaceous plants in the meadow, and 71.0 ± 33.4 for deciduous leaves in the shrub community.
Discussion
This study confirms that the NEE of shrub communities is higher than that of heaths and meadows in alpine ecosystems. The respiration from the three communities did not differ significantly but far more of the respiration in the shrubs came from aboveground compartments and not from the belowground pool as we had expected (Sørensen et al. 2018b) . Although cryptogams may comprise a high proportion of ground cover, our data do not suggest that they are major contributors to the carbon budget of any of the three communities. The herbaceous vegetation turned out to be very efficient in capturing C without losing much to total or especially aboveground respiration. Comparison of soil and aboveground carbon pools suggests that shrub invasion of heath or meadow communities could result in a net loss of soil C that exceeds aboveground biomass gains, Figure 1 . Total CO 2 fluxes in three arctic-alpine plant communities calculated from raw measurements and after adjustment for anomalous measurements and differences in temperature and light conditions during measurement. Mean ± standard deviation of six plots per community.
resulting in a long-term net loss of C that could aggravate global warming (Sørensen et al. 2018b ).
The pre-harvest rates of ER, NEE, and GP are within the broad range defined by previous studies of diurnal growing season CO 2 fluxes in arctic-alpine ecosystems (Johnson et al. 2000; Shaver et al. 2007; Street et al. 2007; Nobrega and Grogan 2008) . In these studies, Betula-or Salix-dominated deciduous shrub communities are most productive with NEE at approximately 10 μmol m −2 s −1 , moist sedge meadows are intermediate at about 8 μmol m −2 s −1 , and heaths are on par with or sometimes considerably lower than the meadows depending on type and perhaps moisture status Susiluoto et al. 2008) . Fluxes modeled or integrated during longer periods, from days to full seasons via smallscale closed-chamber methods or eddy covariance, are from one to two orders of magnitude lower when expressed in μmol m −2 s −1 , with some sites showing a net loss of C to the atmosphere during a growing season or year (Jones et al. 1998; Natali et al. 2011; Kittler et al. 2017) . Under growing season daytime conditions, in moderate light and at average summer temperatures, more than 75 percent of photosynthesis in the heath was consumed by ER, while this is more on the order of 45-50 percent in the meadow and shrub communities ( Table 2 ). The remaining proportions as represented by NEE are available for growth, reproduction, storage, or respiratory consumption. Respiratory losses were dominated by belowground processes in the heath and meadow, while aboveground layers consumed a greater proportion of GP in the willow shrub community. Because respiration continues in low light and during night hours, 24 h and longer-term respiratory losses are likely much greater, with the possibility that any of the three systems may be net C sources on an annual basis.
The respective dominant functional group in each community dominates aboveground ecosystem exchanges. In the heath and meadow the nondominant vascular plant groups accounted for less than 10 percent of total ER. However, in the shrub community, the nondominant herbs and dwarf shrubs together accounted for roughly 40 percent and 45 percent of NEE and GP, respectively, but approximately 56 percent of aboveground respiration and 34 percent of total ER (Figure 2) , and thus have a disproportionate role in overall respiratory losses in this system.
Despite lower productivity than vascular plants, bryophytes and lichens are important components of boreal and arctic ecosystems. Explicit consideration of cryptogam fluxes may help improve the accuracy of regional and global models of GP and NEE (Yuan et al. 2014). Miller, Webber, and Oechel (1980) reported that cryptogams contribute an average of approximately 30 percent of total NEE across a broad range of arctic community types at Barrow, Alaska, ranging from less than 5 percent in a Dupontia meadow to 48 percent in a Carex-Poa meadow. Despite the problems arising from unexpected efflux after cryptogam removal, our results indicate that cryptogams are minor players in overall C fluxes in our communities, presumably because of intrinsically low productivity (Frolking 1997; Goulden and Crill 1997) .
The large increases in CO 2 efflux after ground-cover removal may be the result of rapid responses to disturbance at the soil surface. We were careful to minimize perturbation of the soil surface during removal of ground cover and litter layers but cannot rule out that aeration of the soil surface may stimulate respiration even in the short term. Alternatively, the increased efflux may indicate a so-called lid effect, involving the release of belowground CO 2 . In an experiment involving removal of all vascular plants in a single step, Douma et al. (2007) found that mosses may account for an average of 60 percent of NEE in a range of heath, meadow, and deciduous shrub (Betula nana) dominated plots, all selected for nearly 100 percent moss cover at ground level. They attributed the increases in efflux after removal of vascular plants to "wound respiration," and consequently based their estimates of moss productivity on changes in GP rather than NEE after vascular plant removal. In our study, increases in efflux occurred mainly after removal of cryptogams, or in some cases graminoids, rather than other vascular plant layers, and so cannot be attributed to respiration from cut stems or roots, at least in the former case. Possible reasons for the lid effect include soil disturbance, reduced resistance to efflux from the soil surface, and reduced photosynthetic absorption ("recycling") of soil-derived CO 2 by dense vascular or cryptogam ground layers (Smolders et al. 2001) . The latter process is an intriguing possibility. Uptake of soil-derived CO 2 would not be reflected in NEE measurements, but would result in higher cryptogam biomass productivity than predicted from in situ estimates of cryptogam NEE. This could be resolved by repeated, season-long measurement and integration of NEE and biomass accumulation. It would also be of interest to measure CO 2 concentrations within the cryptogam layer.
Estimates of GP per leaf mass for the dominant functional group in each community show that gross CO 2 uptake per leaf mass was highest for herbaceous plants, intermediate for deciduous shrubs, and least for dwarf shrubs. This corresponds to expectations based on community weighted means of specific leaf area, which were highest in the meadow, intermediate in the shrub community, and lowest in the heath community (Sørensen et al. in review) . This overall fit with the leaf economic spectrum (Reich, Walters, and Ellsworth 1997; Wright et al. 2004) confirms that the use of functional groups based on growth form can be useful in relation to C studies and potentially for future predictions, as was suggested by Chapin et al. (1996) . Future studies could measure the temperature responses of C fluxes in the specific groups to predict responses to future climate change (Dormann and Woodin 2002; Dorrepaal 2007) . A preliminary study of leaf-level temperature responses at our sites showed decreases in net photosynthesis at temperatures higher than 17°C in three Salix species: Betula nana, Empetrum nigrum, and Vaccinium vitis-idaea (Eckert 2015) .
In this study, we quantified the relative contributions of aboveground and belowground processes and of the main functional groups in three alpine plant communities. To the extent that our sites are representative of other arctic-alpine community types, our results illustrate the differing roles of the main arctic-alpine plant functional groups in growing season carbon dynamics. Other studies indicate that the ongoing expansion of deciduous shrubs into heath-and graminoid-dominated communities in arctic-alpine regions may already be altering source-sink relations in these regions (Oechel et al. 2000; Wilmking, Harden, and Tape 2006; Hartley et al. 2012; Parker, Subke, and Wookey 2015) . Our measurements show higher rates of daytime growing season NEE in the shrub community than in the other two community types, attributable largely to the more productive deciduous shrubs and herbaceous plants, which would suggest higher long-term rates of sequestration. However, the shrub community has less total ecosystem C because of lower organic soil C pools in the shrub than in the heath and meadow (Sørensen et al. 2018b) , suggesting that there could be a long-term net loss of soil and total C as a consequence of shrub expansion, likely the result of soil respiration continuing during winter or periods of low productivity. Seasonal data from arctic ecosystems suggests that winter fluxes may comprise 30-50 percent of total annual belowground respiration (Grogan and Chapin 1999) and may be strongly affected by warming (Mikan, Schimel, and Doyle 2002) . While GP and aboveground respiration are seasonal and strongly affected by variation in air temperature, belowground respiration continues yearround, where temperatures are buffered by vegetation and snow and are higher in winter in the shrub than heath or meadow communities (Sørensen et al. 2018a) . Differences in root density and soil microbial communities among the three communities and as affected by functional group composition may also contribute to source-sink relations outside of the growing season in these regions. More detailed studies of functional group effects on winter fluxes, microbes, and soil processes, including further exploration of the lid effect, will help to clarify the effects of functional group changes on C cycling and sequestration in arctic-alpine ecosystems.
